The effects of interfacial properties such as interfacial tension and wettability on the adhesion, agglomeration, and coalescence of inclusions on the immersion nozzle in a continuous casting process have not yet been evaluated quantitatively. In the present work, we focused on the neck growth of alumina balls at sintering because the adhesion, agglomeration, and coalescence of inclusions are regarded as being the consequence of sintering of oxides. We compared the neck growth of alumina balls at sintering in molten iron with that under an Ar gas atmosphere in order to clarify the effects of interfacial properties between alumina balls and molten iron on the sintering of alumina balls in molten iron. We found that neck growth in molten iron proceeds much faster than that under an Ar gas atmosphere. In addition, an equation for the neck growth of alumina balls in molten iron was formulated by evaluating the interfacial properties, i.e., the interfacial tension and wettability, between alumina balls and molten iron. The calculated results derived by considering the capillary phenomena of molten iron at the gap between alumina balls as the effect of wettability were in reasonable agreement with the experimental results in molten iron. These findings show that the non-wetting by molten iron of alumina balls promotes neck growth of alumina balls at sintering in molten iron.
Introduction
In a continuous casting process, clogging of the immersion nozzle with inclusions is an important issue. There are thought to be three steps in the clogging of an immersion nozzle with inclusions: (1) inclusions come into contact with the nozzle, (2) inclusions adhere to the nozzle, and (3) inclusions sinter with each other to form clusters. The clogging adversely influences the operation and the product quality. Many researchers have therefore investigated the mechanism of clogging of immersion nozzles from several viewpoints. [1] [2] [3] [4] [5] [6] [7] One approach is to focus on interfacial properties such as interfacial tension and wettability. Singh 1) proposed a mechanism for alumina buildup in tundish nozzles by considering the interfacial tension between alumina inclusions and molten steel, and the wettability between them. The adherence of inclusions to the refractory surface of a nozzle occurs because the total surface or interfacial tension is minimized by the high interfacial tension between the inclusion and molten steel when the inclusion attaches to the refractory surface. Non-wetting between inclusions and molten steel makes it easier for inclusions to attach to each other by minimizing their contact area with steel.
Uchimura et al. 2) reported that the wettability between inclusions and molten steel and that between a refractory and molten steel are involved in the adhesion of inclusions to the refractory surface of the nozzle. They suggested that the use of an appropriate nozzle material, i.e. one which reacts with inclusions and forms low-melting oxide phases, is effective for reducing adhesion of inclusions to the refractory surface. Shinozaki et al. 5) investigated the wettabilities among a number of complex oxides, which were used as simulated inclusions, and molten iron to confirm the effects of wettability on the adhesion of inclusions. They concluded that it is possible to state qualitatively that an improvement in wettability reduces clogging of the immersion nozzle. Recently, Tsukaguchi et al. 7) found that the application of an electric field between molten steel and an immersion nozzle made of alumina graphite successfully reduced clogging of the immersion nozzle by adhesion of inclusions; this is called an anti-clogging immersion nozzle. They investigated the mechanism for decreasing clogging of the immersion nozzle with inclusions to confirm that improved wettability between the molten steel and the nozzle by applying an electric field is one of the main factors in reducing clogging of an immersion nozzle with inclusions. However, a quantitative evaluation of the effect of wettability on the clogging of immersion nozzles has not yet been carried out.
Although the adhesion, agglomeration, and coalescence of inclusions in molten steel are geometrically different from those of inclusions on an immersion nozzle, as shown in Fig. 1 , it is considered that these two behaviors resemble each other in terms of oxides contacting only with molten steel. Information on the adhesion, agglomeration, and coalescence of inclusions can therefore help the study of inclusions on immersion nozzles. There have been many studies on the adhesion, agglomeration, and coalescence of inclusions in molten steel. [8] [9] [10] [11] [12] The driving force for the adhesion, agglomeration, and coalescence of inclusions in liquid iron has generally been evaluated based on the interfacial properties between inclusions and molten steel, such as interfacial tension and wettability. Knuppel 8) proposed a coalescence mechanism in which a cavity is formed at the gap between inclusions, which do not wet liquid steel, when the inclusions contact each other, and the cavity generates the force to attract inclusions to each other. Braun et al. 9) reported that once two inclusions contact each other, the surface tension acting on the inclusions maintains the contact, and growth of the inclusions occurs by reduction of the surface area as the driving force. Yin et al. 10) have conducted in situ real-time observations of the collision and agglomeration behavior of inclusions on the surfaces of steel melts, using a confocal scanning laser microscope with an infrared image furnace. The agglomeration behavior of inclusions on the surface of a steel melt was revealed in considerable detail in their work. They also pointed out that capillary effects play the most important role in letting alumina particles come into contact with each other, even in a steel bath, because the processes of formation and growth of the clusters in the two cases, i.e., on the surface of a steel melt and in a steel bath, are physically the same. The influence of interfacial properties such as interfacial tension and wettability on the adhesion, agglomeration, and coalescence of inclusions has often been pointed out. However, the quantitative application of static interfacial properties to dynamic phenomena such as agglomeration is difficult. The formula for the sintering of alumina particles under a gas atmosphere has therefore been directly applied to the agglomeration of alumina inclusions in molten steel in previous studies. 11, 12) In the present work, the quantitative effects of the interfacial properties on the neck growth of alumina balls at sintering in molten iron were investigated to clarify the effects of the interfacial properties on the adhesion, agglomeration, and coalescence of inclusions because these phenomena are attributed to sintering of oxide inclusions. The neck growth of alumina balls at sintering in molten iron was experimentally compared with that under an Ar gas atmosphere to confirm the difference between the rates of neck growth in the areas around two alumina balls. In addition, we tried to develop a formula for the sintering of alumina balls in molten iron by evaluating the interfacial properties between alumina balls and molten iron, i.e. the interfacial tension and the wettability. We then discussed the effects of the interfacial properties on the neck growth of alumina balls in molten iron by comparing the calculated results with the experimental ones.
Experimental

Sintering of Alumina Balls under Ar Gas Atmo-
sphere Alumina balls (Al2O3 92%, SiO2 5%), which were prepared by tumbling granulation, were used in the experiments. For simplicity, we assumed that this material was pure alumina. Each ball is a sintered body which composed of the particles of several hundred nm to several μm. The average diameter of the alumina balls was 500 μm. Each alumina ball was observed using optical microscope to check the sphere shape and the diameter. The diameter range of the alumina balls was 300-700 μm. Two alumina balls were inserted in a hole of diameter 1 mm in a graphite block, as shown in Fig. 2(a) . The atmosphere in the furnace was replaced by an Ar gas atmosphere by evacuation. The furnace was heated to the target temperature at 200 K/h under an Ar gas flow of 30 mL/min (s.t.p.). The target temperatures were 1 773 and 1 873 K. The holding times at the target temperature were 24 and 48 h at 1 773 K, and 10 h at 1 873 K. After cooling to room temperature at a rate of -200 K/h, the alumina balls were observed using a stereoscopic microscope and a scanning electron microscope. 
Sintering of Alumina Balls in Molten Iron
The same alumina balls as those described in section 2.1 were used. An Fe-C sat alloy premelted at 1 573 K (1.00 g) and electrolytic iron (8.85 g), to give Fe-0.47 mass% C, were used as a liquid material. These powdered materials and 300-500 alumina balls were mixed and inserted in an alumina crucible, as shown in Fig. 2(b) . Electrolytic iron powder (7.36 g) was placed above the mixture. This powder acts as a cover, to keep the alumina balls in the liquid iron. This is because the Fe-0.47 mass% C liquid is in equilibrium with solid δ-Fe at 1 773 K. The atmosphere in the furnace was replaced by an Ar gas atmosphere by evacuation. The furnace was heated to 1 773 K at 200 K/h under an Ar gas flow of 30 mL/min (s.t.p.). The holding times were 10 and 24 h. After cooling to room temperature at a rate of -200 K/h, the iron in the sample was dissolved with hydrochloric acid to collect the insoluble alumina balls. The collected alumina balls were observed using a stereoscopic microscope and a scanning electron microscope.
Results
The appearance of the alumina balls kept in molten iron at 1 773 K for 10 h is shown in Fig. 3(a) as an example. Two alumina balls are stuck together, which means that sintering of the alumina balls occurs. Figure 3 (b) is a magnified image at the neck between two alumina balls. The neck radius was measured from this image. The value is 55.5 μm (neck diameter 111 μm) for this sample. The neck radii of all the samples plotted against holding time are shown in Fig. 4 . The neck radius of the sample kept under conditions of temperature 1 773 K under an Ar gas atmosphere increases with increasing time, i.e., sintering of the alumina balls proceeds with time. Under an Ar gas atmosphere, the neck radius for a holding time of 10 h at 1 873 K is large in comparison with that for a holding time of 24 h at 1 773 K. This shows that a higher temperature promotes neck growth. The neck growth in molten iron at 1 773 K is much faster than that in an Ar gas atmosphere at 1 773 K. Despite the lower temperature, the neck in molten iron at 1 773 K also grows faster than that in an Ar gas atmosphere at 1 873 K. These results show that neck growth between alumina balls, i.e., sintering between alumina balls, in molten iron is faster than in an Ar gas atmosphere.
Discussion
Equation for Neck Growth of Alumina Balls under
Ar Gas Atmosphere The theory of the kinetic growth of necks between spheres undergoing sintering has already been developed. The relationship between the neck radius, x (μm), and time, t (h), is expressed as [13] [14] [15] . (1) where a is the radius of the particle. The exponents m and n identify the sintering mechanism: m = 2 and n = 1 indicate viscous or plastic flow, m = 3 and n = 1 represent evaporation and condensation, m = 4-5 and n = 1-2 represent volume diffusion, and m = 6-7 and n = 2-3 represent surface diffusion. The sintering mechanism can be determined by plotting the logarithm of x against the logarithm of t and determining the slope 1/m, assuming that a and A(T) are constant. Figure 5 shows the log-log plot of Eq. (1) for the results under an Ar atmosphere at 1 773 K; 1/m = 0.228, i.e. m = 4.4, is obtained from Fig. 5 . Although the value of n is unknown, the value of m is within the value for volume diffusion. The sintering mechanism of alumina balls in this study was therefore regarded as volume diffusion based on where K is a constant depending on the geometry of the sample and on the diffusion path, γs is the surface tension of the material, V0 is the molar volume, D is the self-diffusion coefficient of the material, R is the gas constant, and T is the temperature. Combining Eqs. (1), (2) (4) was obtained. The fitting curve is in good agreement with the experimental data in Fig. 4 . However, the alumina balls used in this study consist of the particles of several hundred nm ~ several μm as mentioned above and it is necessary to consider the validity of application of Eq. (1) to the sintering of this kind of materials. There are a lot of grain boundaries in the alumina ball, which predicts that these grain boundaries can affect the neck growth of alumina balls. For example, the increase of grain boundaries can enhance the grain boundary diffusion. If this significantly affects the neck growth of alumina balls, the sintering mechanism determined above, i.e. volume diffusion, is controversial. Therefore, the effect of grain boundary on the major diffusion processes in alumina was discussed here. It has been reported that in single-crystal alumina bulk diffusion coefficient of oxygen ion is much smaller than that of aluminum ion, 16) which means that oxygen ion bulk diffusion is rate controlling for the sintering of alumina balls with small amount of grain boundaries. On the other hand, it was revealed that preferential promotion of oxygen ion diffusion in grain boundary occurs when increasing the grain boundaries with decreasing the grain size. 17) Especially, for grain sizes smaller than 20 μm, the grain boundary diffusion of oxygen ion becomes faster than the bulk diffusion of aluminum ion, which makes the bulk diffusion of aluminum ion a rate controlling for the sintering of alumina balls. In addition, Coble 18) found that the main sintering mechanism is volume diffusion from the results of shrinkage experiment with alumina particles of 200 nm. From these results, it is concluded that the bulk diffusion of aluminum ion is the major mechanism for sintering alumina balls in the present work where the alumina ball is a sintered body which composed of the particles of several hundred nm to several μm. This agrees with the determined sintering mechanism in the present work. The other factor, which can be caused by the increase of grain boundaries and affect the neck growth, is a grain boundary energy. Although the grain boundary energy is generally regarded as a driving force for sintering, it is not included in Eq. (1) . From this view point, it is possible that Eq. (1) cannot reproduce the experimental result if the effect of the enhancement of grain boundary energy affects the behavior of neck growth. However, this is considered to be unlikely because the time dependence of neck growth is reasonably fitted by Eq. (1) and, in addition, the sintering mechanism obtained in the present work is reasonable as mentioned above. Other possibilities are that the effect of grain boundary energy is incorporated in term A(T) in Eq. (1) and the enhancement of grain boundaries does not affect neck growth in terms of grain boundary energy. Although both points cannot be discussed based on our experimental data, the application of Eq. (1) to the analysis in the present work, where the alumina balls composed of the particles of several hundred nm ~ several μm are used, is considered to be reasonable because Eq. (1) reproduces the experimental data regardless of the two possibilities.
When the temperature rises from 1 773 K to 1 873 K, it is assumed that only the diffusion coefficient D varies with temperature and the other parameters, i.e. a n , K, γs, and V0, hardly change. This is because the diffusion coefficient changes exponentially with temperature, based on an Arrhenius-type equation. From this, (a n KγsV0D/RT) 0.228 under an Ar gas atmosphere at 1 873 K is calculated using the relationship D = D0exp{-Q/(RT)}, where D0 is a frequency factor and Q is the activation energy of the self-diffusion coefficient of Al2O3:
...... (5) There are a lot of data on the activation energy for the diffusion coefficient of Al2O3 compiled in Refs. 16), 19) and 20). Here, the activation energy of 607 kJ/mol for neck growth obtained by Coble 18) was selected. The calculated result using the values in Eq. (5) is shown in Fig. 4 . The calculation curve agrees well with the neck radius change under an Ar gas atmosphere at 1 873 K. This result shows that it is reasonable to apply Eq. (3) to the neck growth of alumina balls at sintering under an Ar atmosphere in the present work. 
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Equation for Neck Growth of Alumina Balls in
Molten Iron The sintering treated here occurs in liquid phase, which may imply that liquid-phase sintering occurs in the present experiment. However, non-wetting between alumina and molten iron in the present system does not satisfy one of the necessary requirement for Liquid-phase sintering; good wetting of a solid substance by a liquid. 21) Thus, liquid-phase sintering does not occur in the present work. The relationship between the logarithm of x and the logarithm of t for the result in molten iron at 1 773 K is plotted in Fig. 5 in a manner similar to the result under an Ar atmosphere at 1 773 K. The slope for the result in molten iron shows 1/m = 0.249, i.e. m = 4.0, which indicates that the sintering mechanism of alumina balls in molten iron is the volume diffusion as long as under an Ar atmosphere at 1 773 K. In this regard, however, the modelling of the neck growth of alumina balls in molten iron was conducted based on Eq. (3) derived from the analysis of the result under an Ar atmosphere at 1 773 K in order to give consistency to the equation for describing the neck growth of alumina balls. In order to evaluate the velocity of the neck growth of alumina balls in molten iron, we proposed two models for describing the neck growth in molten iron; the models include the effect of interfacial properties between solid alumina and molten iron. We performed calculations using the models. The interfacial properties considered here are the interfacial tension between solid alumina and molten iron and the wettability between these.
Model Considering Interfacial Tension between
Solid Alumina and Molten Iron Singh 1) reported that the adhesion of inclusions to the refractory surface of a nozzle occurs as a result of minimization of the total surface or interfacial tension, i.e., the surface or interfacial area. From this theory, it is considered that the driving force for the sintering of alumina balls in this study is the result of the total surface tension of alumina under an Ar gas atmosphere or interfacial tension between alumina balls and molten iron in molten iron tending to decrease. Here, we simply considered that the Ar gas around the alumina balls in the sintering experiments under an Ar gas atmosphere is replaced by molten iron in the sintering experiments in molten iron, i.e. the surface of the alumina ball becomes the interface between the alumina ball and molten iron. Based on this concept, Eq. (6) where (a n Kγs/LV0D/RT) 0.228 is calculated as .... (7) The average of the data obtained by Allen et al. 22) and Ebehart 23) was used as the surface tension of the material particle, i.e. the surface tension of solid alumina, γs. (7) is shown in Fig. 6 . The calculated result is higher than the experimental value under an Ar gas atmosphere at 1 773 K. however, it is much lower than the experimental value in molten iron at 1 773 K. These results show that the replacement of the surface tension in the equation for the sintering rate by the interfacial tension to reflect the change in the surroundings of the alumina balls, i.e. from an Ar atmosphere to molten iron, does not enable evaluation of the neck growth at sintering of alumina balls in molten iron.
Model Considering Wettability between Solid Alumina and Molten Iron
In addition to the idea that minimizing the total surface tension or interfacial tension provides the driving force for alumina buildup in a tundish nozzle, Singh 1) stated that the non-wetting properties between alumina inclusions and molten steel promotes the attachment of inclusions to each other by minimizing their contact area with steel. There has been some research on the effects of the wettability between a particle and a liquid on the interactive force in pressing particles together in the liquid. As mentioned in the introduction, Knuppel et al. 8) proposed that a cavity is formed at the gap between two particles in a liquid as a result of poor wettability between the particle and the liquid, and the negative pressure of the cavity can generate the force to press the particles together. Based on this concept, they suggested that this force promotes the sintering and gathering of inclusions in molten steel. As support for Knuppel's concept, Yaminsky et al. 25) also suggested that a liquid that does not wet a material particle is spontaneously expelled from the narrow gap between two particles immersed in the liquid to form a meniscus (vapor-filled cavity) around the contact zone, and, in addition, a contracting force is applied to the particles by the meniscus. Yaminsky et al. confirmed the .
Fig. 6.
Comparison of neck radius changes in experiments and neck radius changes calculated by considering *) the interfacial tension of liquid iron/alumina (Eq. (7)), **) the wettability of liquid iron/alumina (Eq. (12)), and ***) the wettability of liquid iron/alumina and external pressure (Eq. (13)).
formation of a cavity and the generation of a contracting force in experiments with mercury at room temperature. Although it is expected that non-wettability increases the sintering velocity of alumina particles in molten iron in the present work based on the above research, the equation for the effect of the wettability between a particle and a liquid on the neck growth of particles in the liquid at sintering has not yet been derived. In this study, therefore, we tried to formulate the equation for neck growth of particles in a liquid that includes the effect of wettability between a particle and a liquid on the interactive force acting on the particles. First, the interactive force generated by wettability was evaluated. As Knuppel et al. and Yaminsky et al. reported, a liquid tends to be extracted from the gap between particles when the particles in the liquid contact each other and the liquid does not wet the particle. It is therefore reasonable to consider that this behavior is attributable to capillary phenomena, i.e. capillary forces. Here, we assumed that at the microscale, the capillary phenomena at the gap between particles are same as those between two plates.
In this case, the capillary force is expressed as Eq. (8).
γ L is the surface tension of the liquid, θ is the contact angle between a particle and a liquid, and H is the capillary size, i.e. the gap between particles around a contact point. ΔP is the difference between the pressure in the liquid, P1, and the pressure in the gap formed by the capillary phenomena, P2. Figure 7 shows a schematic diagram of a situation where two particles are in contact in a liquid. ΔP is positive when the liquid does not wet the particle (θ > 90°), which means that the pressure in the liquid, P1, is higher than the pressure in the gap formed by the capillary phenomena, P2. This pressure difference acts as a contracting force. The expression for the neck growth of particles at sintering under pressure has been derived as Eq. (9), using Coble's idea: 26) ........... (9) ΔP is replaced by Eq. (8).
... (10) where (a n KγsV0D/RT) 0.228 is (a n KγsV0D/RT) 0.228 |AR,1 773 K = 15.6. Equation (10) means that the neck growth of particles at sintering in molten iron under the pressure of capillary phenomena can be calculated when the surface tension of the liquid, γ L, the contact angle between the liquid and a particle, θ, the capillary size, H, the radius of the particle, a, and the surface tension of the particle material, γ S, are known.
However, it is difficult to determine the capillary size, H, directly. Here, therefore, we assume that the capillary size, H, is same as the diameter of the neck curvature, i.e. H = 2ρ, where ρ is the radius of the neck curvature. Kingery et al. 27) reported that the radius of the neck curvature, ρ , is expressed by the neck radius, x, and the radius of the particle, a. They considered two models for the rate of volume diffusion, expressed in terms of the geometric changes at sintering of spherical particles, as shown in Fig. 8 , and the corresponding relationships among the radius of the neck curvature, ρ, the neck radius, x, and the radius of the particle, a. It is generally considered that there is an excess vacancy concentration underneath a highly curved neck surface. Neck growth can occur by replacing these vacancies by atom diffusion from inside the system. The vacancies diffuse in the opposite direction to the atoms and are eliminated on the surface of the system away from the neck in the case shown in Fig. 8(a) . The distance between the centers of the spheres does not change in this case. In Fig. 8(b) , in contrast, a grain boundary between the particles acts as a sink for vacancies, which decreases the distance between the centers of the spheres with time. We found that the distance between the centers of the alumina balls is less than the sum of the radii of the alumina balls, from observations of samples in our experiments. These results show that the sintering in our study behaves as shown in Fig. 8(b) , which gives the relationship: The capillary sizes estimated using Eq. (11), i.e. H = 2ρ = x 2 /2a, are shown in Table 1 . The neck radius, x, and the radius of the particle, a, obtained in the experiments are used in this estimation. We selected the average particle radius, 160 μm, as a. The estimated neck radii are roughly 10 μm for 10 h and 15 μm for 24 h. The magnified images of the neck parts of the samples in molten iron at 1 773 K for 10 and 24 h are shown in Fig. 9 . It is impossible to determine the position where we should obtain a capillary size and the capillary size exactly. However, it seems that the capillary sizes of all the samples are 5-15 μm, assuming that the position is near the neck. Although the estimated capillary sizes are slightly bigger than the capillary sizes predicted from observations, they correspond reasonably to each other. By substituting H = 2ρ = x 2 /2a into Eq. (10), we get ... (12) The surface tension of pure iron suggested by Keene et al. 28) was used as the surface tension of the liquid, γ L. Here, we assumed that the surface tension of the liquid material in the experiment is same as the surface tension of pure iron, since the effect of carbon on the surface tension of iron is quite small, 29) and the amount of carbon in the liquid is small, although the liquid iron in the experiments contains a small amount of C. Their suggested equation for pure liquid iron is γ L = 1 909 -0.52(T -1 803). A value of 1 925 mN/m at 1 773 K was obtained using the equation. The contact angle between molten iron and an alumina particle is 130°, which is the average of the value of the contact angles between liquid iron and an alumina substrate, without the two clearly low values, in the compilation made by Keene in the Slag Atlas.
30) The contact angle of 130° means non-wetting of molten iron on alumina particles. The surface tension of solid alumina, γ S, and the particle radius, a, are 997.5 mN/m and 160 μm, respectively, as used above. The calculated neck growth curve based on Eq. (12) is shown in Fig. 6 . The equation was numerically solved because the variable x is included in both sides of the equation. The calculation results obtained by considering the wettability reproduced the time dependence of the neck radius of alumina particles in liquid iron much better than those obtained by considering the interfacial tension.
Yaminsky et al. 25) reported that the difference between the vapor pressure in the cavity and the external pressure, i.e. atmospheric pressure, P′, provides a force to press the spheres in a liquid in addition to the interactive force caused by non-wetting. Here, a term for the force generated by the difference between the vapor pressure in the cavity and the external pressure was also introduced into the model in the same way as the capillary force, as shown in Eq. (13).
... (13) where ΔP′ is defined as (atmospheric pressure) -(vapor pressure in the cavity). By assuming that the vapor pressure in the cavity is generated from the liquid iron, the vapor (14) The Kelvin equation describes the change in vapor pressure caused by a curved liquid/vapor interface of radius r. P is the actual vapor pressure, P 0 is the saturated vapour pressure, γ is the surface tension of the liquid, and V m is the molar volume of the liquid. P 0 , γ, and V m , which are, respectively, 2.03 Pa, 1 925 mN/m, and 7.90 × 10 −6 m 3 /mol at 1 773 K, are evaluated from the data for pure liquid iron; 28, 31, 32) Pa was used as ΔP′. The result obtained using Eq. (13) is shown in Fig. 6 . The curve calculated considering both the wettability and pressure difference is in good agreement with the experimental results, although there is still a small deviation between the experimental data and the calculated curve. The lower calculated value than the experimentally obtained neck radius can be attributed to the estimated capillary size being bigger than the real one, as mentioned above, because a bigger capillary size causes less capillary force, i.e. less contracting force, as seen from Eq. (8) . The presence of a few per cent of SiO 2 in the alumina balls is unlikely to cause a bigger neck radius in the experiments than in the calculations, considering that the diffusion of oxygen in alumina 16, 19, 20) is higher than that in mullite, 33) although there are variations in the reference data. It is well known that the two parameters used in the equation for the neck growth of alumina balls at sintering in molten iron, wettability between alumina and molten iron and surface tension of molten iron, show a large scatter due to the slight amount of oxygen and other impurities in the sample and so on. The contact angle ranges roughly between alumina and molten iron from 110 to 140°, 30) and the surface tension of molten iron at 1 773 K from 1 800 to 2 000 mN/m, 28) which are extrapolated from the data above melting point of iron. Here, we simulated the effect of the scatters of surface tension of molten iron and wettability between alumina and molten iron on the neck growth of alumina balls in molten iron with Eq. (13). The results calculated by independently varying the contact angle and the surface tension in the range mentioned above are shown in Fig. 6 . Grey area and light grey area around chain double-dashed line, i.e. the calculated result by considering the wettability and pressure difference, are for contact angle and surface tension, respectively. The scatter of contact angle changes the calculated neck radius by -9 to + 2%. On the other hand, the scatter of surface tension show only a slight change of neck radius like less than 1%. Thus, we found that the contact angle between alumina and molten iron affects the neck growth more than surface tension of molten iron. However, these effects does not explain the difference between the calculated neck radius and the experimentally obtained neck radius.
In order to apply our proposed model to the actual situation, i.e. sintering in the immersion nozzle, ferrostatic pressure should be included in the model. The ferrostatic pressure, ΔP′′, is calculated by (distance from surface of molten steel in mold to target position in immersion nozzle) × (density of molten steel) × (gravity acceleration). In a similar way to the pressures caused by cavity, the ferrostatic pressure can be introduced into the equation as below.
... (15) In the present work, the modelling of the neck growth of alumina balls in molten iron was conducted based on the concept of Knuppel et al. 8) and the experimental fact with glass balls and liquid mercury by Yaminsky et al., 25) i.e. a non-wetting liquid is spontaneously expelled from the gap between two particles immersed in the liquid to form a cavity around the contact zone. However, there is no evidence that a cavity is formed around the contact zone of alumina balls in molten iron. Therefore, the possibility of the cavity formation between alumina balls in molten iron was confirmed by evaluating the change of total interfacial/surface energy around the neck part in the formation of cavity. Figure 10 shows the schematic pictures of the gap between the alumina balls in molten iron. Two situations, that (a) a cavity is formed at the gap and (b) the gap is filled with molten iron, are considered in two dimensions. When the length of cavity and the length of meniscus are respectively expressed as h c and ρ′ in the situation (a), the total interfacial/ surface energy around the neck part is (πρ + 2h c )γ S + ρ ′ γ L .
On the other hand, the total interfacial/surface energy around the neck part in situation By assigning values to γ L , γ S and γ s/L , the right side member becomes (1.83ρ ′ -πρ)/2. Because ρ ′ must be larger than the gap width 2ρ, (1.83ρ ′ -πρ)/2 should has a positive value, which means the cavity can be formed from the viewpoint of the change of total interfacial/surface energy around neck part.
The present work shows that the calculated results obtained by considering the capillary force and the cavity, which are caused by the non-wettability between liquid iron and the alumina ball, reproduce the experimental results on the neck growth of alumina balls at sintering in molten iron much better than those obtained by considering the interfacial tension between liquid iron and the alumina ball as a reflection of the change in the surroundings of the alumina ball, i.e. from an Ar atmosphere to molten iron, do. This means that not the interfacial tension between liquid iron and the alumina ball, but rather the non-wettability between liquid iron and the alumina ball affects the increase in the neck growth rate of alumina balls at sintering in molten iron. In addition, the capillary force generated by the non-wetting by liquid iron of alumina balls greatly promotes neck growth of alumina balls at sintering in molten iron, and the pressure difference between the cavity and the atmosphere does so to a small extent. It is therefore concluded that the increase in the rate of neck growth of alumina balls at sintering in molten iron compared with that under an Ar gas atmosphere is mainly attributable to the capillary force generated by non-wetting by liquid iron of alumina balls. 
Conclusions
The neck growths of alumina balls under an Ar gas atmosphere and in molten iron were investigated in the present work. In addition, an expression describing the neck growth of alumina balls at sintering in molten iron was developed by considering the interfacial properties, i.e. the interfacial tension and wettability, between molten iron and alumina. From these investigations, we drew the following conclusions.
(1) The necks of alumina balls in molten iron grow much faster than those under an Ar gas atmosphere.
(2) The calculated neck growth in molten iron, obtained using a model based on the effects of the capillary force caused by the non-wettability between molten iron and alumina pressing the alumina balls together and the difference between the vapor pressure in a cavity and the external pressure, agrees reasonably well with the experimental neck growth, i.e. the non-wettability and the pressure difference are the factors that increase the rate of neck growth of alumina balls in molten iron compared with that under an Ar atmosphere.
(3) In the two factors, the contribution of the pressure difference between the cavity and the atmosphere on the promotion of neck growth of alumina balls at sintering in molten iron is small in comparison with that of the capillary force caused by the non-wettability between molten iron and alumina.
